Abstract The Ishikari Lowland on the island of Hokkaido in northeastern Japan is situated at the end of a westward-moving foreland fold-and-thrust belt from the Hidaka collision zone, where the northeastern Japan and Kurile arcs meet. This activity forms a tectonic zone under an east-west compression field in this region. A magnetotelluric resistivity survey was performed to investigate the mechanism for the strain concentration in this region. A three-dimensional (3-D) resistivity inversion showed a conductive thick sedimentary layer and an underlying resistive basement. Remarkable conductors were found in the resistive basement beneath the Ishikari-teichi-toen fault zone (ITFZ) and the Shikotsu caldera. The conductors beneath the ITFZ were interpreted as aqueous fluids that accumulated in the damaged zone in connection with the formation of pull-apart faults and horst. In contrast, the conductor beneath the Shikotsu caldera corresponds to a magmatic fluid path from the upper mantle. These features suggest that the ductile deformation in the upper crust contribute to the strain concentration in this region. The soft thick sediments allow ductile deformations to occur. Furthermore, local fluid-rich zones in the basement cause the crustal strength to be heterogeneous. These thick sediments and local fluids in the basement both contribute to the strain concentration in this region.
Introduction
The Ishikari Lowland, located at the boundary between western and central Hokkaido in northeastern Japan, is recognized as a crustal strain concentration zone (Figure 1a ). In the southern part of the island of Hokkaido, the subducting Pacific Plate and the northeastern Japan and Kurile arcs form a triple junction. The oblique subduction of the Pacific Plate drives the westward movement of the Kurile forearc sliver, which collides with the northeastern Japan arc in the Hidaka Mountains [e.g., Kimura, 1986] (Figure 1a) . The fold-and-thrust structure spreads westward from the Hidaka Mountains and reaches the Ishikari Lowland [e.g., Ito, 2000] . This activity causes significant crustal compression with the east-west axis in this region [Hashimoto and Tada, 1988; Ishikawa and Hashimoto, 1999; Sagiya et al., 2000; Ohzono, 2013] . Because the distribution of horizontal strain is quite different on either side of the lowland, this region behaves as both a geological and a mechanical boundary [Hashimoto and Tada, 1988] .
The Ishikari-teichi-toen active fault zone (ITFZ) is located at the eastern edge of the lowland in the foreland of the fold-and-thrust belts (Figure 1b ). It consists of eastward dipping thrusts that have a nearly north-south orientation and are approximately 70 km in length [Nakata and Imaizumi, 2002] . The most recent activity of this fault zone is estimated to have been in 1880, and the average recurrence interval is approximately 1000-2000 years [Earthquake Research Committee, 2010] . The magnitude of the most recent earthquake was estimated to be M7.9 based on the hypothesis that the fault zone acted as one segment [Earthquake Research Committee, 2010] . However, the current seismicity around this fault zone is not very high, and the hypocenters of microearthquakes occurring in the region are located at depths of only 10-25 km in the southwestern zone (Figures 9 and 10 ).
Regarding the mechanism for generating an inland earthquake, some studies have suggested the contribution of fluids and structural heterogeneity in the crust, which results in a strain concentration [e.g., Iio et al., 2002 Iio et al., , 2004 Hasegawa et al., 2005] . Thus, clarifying the fluid distribution in the crust would aid the discussion of the mechanism of inland earthquakes, which occur in tectonic zones similar to this region. Because electrical resistivity is quite sensitive to the amount of pore fluid and its connectivity in the rocks, a subsurface resistivity structure can be used to image the fluid distribution in the crust. Many resistivity investigations in the inland earthquake zone have found electrical conductors in the lower crust beneath the active fault and highseismicity zones [e.g., Ogawa et al., 2001; Ogawa and Honkura, 2004; Tank et al., 2005; Uyeshima et al., 2005; Yoshimura et al., 2008; Ichihara et al., 2008; Wannamaker et al., 2009; Ichihara et al., 2014] . These results support the hypothesis that the strain becomes concentrated in the upper crust above regions of the lower crust weakened by locally present fluids [e.g., Iio et al., 2002 Iio et al., , 2004 Hasegawa et al., 2009] . Furthermore, the intrusion of such fluids into a mechanically high-strength crust could trigger earthquakes [e.g., Ogawa et al., 2001] . Meanwhile, the heterogeneity of the basement depth, which was clarified by the resistivity structure, could contribute to the stress concentration and the generation of inland earthquakes [Ichihara et al., 2008] .
In this study, the magnetotelluric (MT) method was used to image the three-dimensional (3-D) resistivity structure in the Ishikari Lowland region. The basement structure and fluid distribution were estimated by interpreting the resistivity structure. The mechanism of strain concentration in this region is discussed at the end of this paper.
Tectonic and Geological Setting
The Ishikari Lowland has experienced drastic tectonic transitions since the Cretaceous. Kuniyasu and Yamada [2004] summarized the tectonic history that generated the basement structure in this region as [Geological Survey of Japan, 2013] . The geological division (black line) is after Tamaki et al. [2010] and is a modification of that originally developed by Kiminami et al. [1986] . (b) Location of MT measurement sites. Squares indicates MT sites. (See the legend for more detailed definitions of the symbols.) The black mesh shows the grid design used in the 3-D inversion. The blue rectangle delineates the area shown in Figures 9 and 10. Purple lines trace active faults after Nakata and Imaizumi [2002] . White lines show the pull-apart basin and horst estimated by Kurita and Yokoi [2000] .
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follows. The tectonics began as a forearc basin setting in the Cretaceous and early Paleogene. In the late Oligocene, a pull-apart basin was generated under a right-lateral transtension field and was filled by sediments. In the middle Miocene, the back-arc extension of the Sea of Japan caused an upthrust of the Hidaka belt. Consequently, the Ishikari region switched to a right-lateral transpression field and returned to the forearc basin setting. After the late Miocene and Pliocene, the activated westward-moving forearc sliver of the Kuril arc provided considerable east-west compression.
The Quaternary volcanoes, which are represented by the Shikotsu caldera, formed a volcanic zone in the western region of the Ishikari Lowland (Figure 1b) . These volcanoes are located at the northern end of the volcanic front of the northeastern Japan arc. There are no volcanoes in the eastern region between the Ishikari Lowland and the volcanic front of the Kuril arc [e.g., Hirose and Nakagawa, 2000] (Figure 1a) . Because of the above history, the geological features of the western and eastern regions of the Ishikari Lowland region are quite different. This region belongs to the tectonic unit of the Oshima, Rebun-Kabato, and Sorachi-Ezo belts in the western, central, and eastern regions, respectively [e.g., Kiminami et al., 1986] . The Oshima belt corresponds to the volcanic zone of the northeastern Japan arc. The basements of the RebunKabato and Sorachi-Ezo belts mainly consist of volcanic and sedimentary rocks in the Lower Cretaceous and Jurassic-Cretaceous, respectively. Based on the seismic velocity structure and logged data [Iwasaki et al., 2004; Yoshida et al., 2007] , sediments above the Upper Cretaceous were largely absent in the western volcanic region, whereas they suddenly thickened in the eastern region, and the basement depths reached 8-10 km at the eastern end of the study region. Furthermore, because the arc-arc collision depressed the crust of the northeastern Japan arc, the Conrad discontinuity depths were estimated to be 15 and 25 km in the west and east, respectively [Iwasaki et al., 2004] . Based on the unified earthquake catalog provided by the Japan Meteorological Agency (JMA), the seismicity is concentrated at depths of 10-25 km in the southeastern region, roughly corresponding to the upper crust. Very low-frequency earthquakes occur only in the western part of the region, and their hypocenters are located at depths of 20-30 km beneath the Shikotsu caldera.
The thermal structure also shows different features in the western and eastern regions. The heat flow in the west exceeds 100 mW/m 2 as a result of the volcanic front of the northeastern Japan arc, whereas that in the east falls below 50 mW/m 2 [Tanaka, 2004] . In addition, the estimated solidus depths were found to be shallower than 30 km in the west, suggesting that there is partial melt in the crust [Okubo, 1998 ].
Magnetotelluric Method

Observation and Data Processing
MT measurements were performed in the Ishikari Lowland region in 2008, 2009, and 2010 . Figure 1b shows the MT site locations, including those used in previous studies Hidaka 2000 MT Group, 2002; Yamaya et al., 2009] . Wideband MT measurements were performed at 39 new sites in this study. MTU-5 systems (Phoenix Geophysics, Ltd., Canada) were used to measure the time series data of two components of the electric fields and three components of the magnetic fields. The remote reference technique [Gamble et al., 1979] was applied to the study data and magnetic field data simultaneously obtained at the Esashi Observatory of the Geospatial Information Authority of Japan, which is approximately 400 km from the study area. SSMT 2000 software (Phoenix Geophysics, Canada) was used to calculate the MT impedance and magnetic transfer function over a period range of 3.1 3 10 23 22.9 3 10 3 s (3.4 3 10 24 23.2 3 10 2 Hz).
Previous studies have demonstrated that a thick conductive layer exists at the surface Hidaka 2000 MT Group, 2002; Yamaya et al., 2009] . Limitations to the sounding depth, which depends on the resistivity of the earth and the analysis period, were a concern in this study. To ensure a sufficient sounding depth, longer-period MT measurements were also performed at 20 of the wideband MT sites (yellow symbols in Figure 1b ). The electromagnetic fields were measured with a sampling period of 1 s by U43 systems (Tierra Tecnica, Ltd., Japan). The obtained time series data were transformed to MT impedances and magnetic transfer functions over a period range of 16 2 1.3 3 10 4 s (7.6 3 10 25 26.3 3 10 22 Hz) using the bounded influence remote reference processing (BIRRP) code [Chave and Thomson, 2004] . Magnetic field data from the Kakioka Geomagnetic Observatory (JMA), which is approximately 750 km from the study area, were used in this remote reference technique.
Geochemistry, Geophysics, Geosystems 10.1002/2016GC006771 Figure 2 shows sounding curves for the apparent resistivity and impedance phase at representative sites. The off-diagonal components show good quality, with small error bars and seamless continuity with respect to the period. The diagonal components show relatively poor quality over a band denoted the dead band, and for periods longer than the dead band. The data obtained by the MTU and U43 at the same sites were in good agreement. The U43 data were used for periods longer than 100 s because they were generally better than the MTU data. Geochemistry, Geophysics, Geosystems
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Figures 324 and 526 show maps of the apparent resistivity and impedance phase, respectively, at representative periods. The apparent resistivity of the off-diagonal components increases from 10 to 1000 Xm with increasing period from 0.1 to 2000 s. The apparent resistivity is notably low at the center of the lowland and increases with increasing distance from the center. The impedance phase is larger than 458 in the central lowland and decreases on both sides. Additionally, the phase generally decreases for periods longer than 100 s. These features imply an overall resistivity structure in which a conductive layer that is thickest at the center of the lowland spans the surface and an underlying resistive basement exists beneath it. Figure 7 shows the phase tensor ellipses for the responses and the real part of the induction vector (Parkinson convention). The phase tensor is defined as A5 X 21 Y, where X and Y are the real and imaginary parts of the MT impedance tensor, respectively [Caldwell et al., 2004] . The major and minor axes of the phase tensor ellipses represent A max and A min , respectively. The skew angle b, which represents the asymmetry of the phase tensor, has a large absolute value under a 3-D structure. The induction vector generally points toward a conductive structure, and its magnitude reflects the contrast of the resistivity.
The induction vector for periods shorter than 10 s has a small magnitude and a heterogeneous direction. In this period band, the phase tensor ellipse is an almost perfect circle, and its skew angle is nearly zero. These facts imply that the surface structure is nearly homogeneous. However, for periods longer than 10 s, large induction vectors point to the central lowland, and the phase tensors elongate in the NNW-SSE direction. This likely means that a conductive zone striking in the NNW-SSE direction spreads in the lowland. In the same band, the skew angle reaches 6208, suggesting strong three-dimensionality. The induction vector points to the Pacific Ocean and the Sea of Japan for period bands of 10-1000 and >1000 s, respectively. Yamaya et al. [2009] demonstrated that the induction vector and phase tensor for periods longer than 10 s near the Shikotsu caldera region could be well explained by a regional 3-D structure causing current channeling, which consists of a thick conductive layer beneath the lowland and seawater distributed among the Pacific Ocean and Sea of Japan.
Three-Dimensional Modeling
Forward Modeling to Evaluate the Regional Pattern of the MT Responses
The measured phase tensor and induction vector imply a regional effect caused by the thick conductive sediments and seawater surrounding the study area. Prior to inversion modeling, in order to evaluate the regional effect on the MT response, 3-D forward models were studied while assuming a simple resistivity structure. The forward calculation part of WSINV3DMT [Siripunvaraporn et al., 2005; Siripunvaraporn and Egbert, 2009] First, a model assuming a land area (100 Xm) and seawater was considered ( Figure 8a ). Because the calculated apparent resistivity and impedance phase showed a horizontally smooth change for all periods (supporting information Figure S1 ), the mesh design for the model was considered to be appropriate for expressing the bathymetry. The calculated phase tensor and induction vector are shown in Figure 8a . Although the induction vectors pointed to nearby coasts for periods of less than 363 s, they also pointed roughly westward for a period of 2000 s. This was caused by the deep bathymetry of the Sea of Japan, which rapidly deepens (>3000 m) in the western region about 200 km from the study area ( Figure 1a ). This induction vector tendency disagrees strongly with that produced via measured data. In addition, the ellipticity and azimuth of the phase tensor are also different. Thus, the regional pattern of the phase tensor and induction vector cannot be explained by the sea effect alone.
Next, we examined the model to demonstrate the observed induction vector for periods of 63.9-363 s, which implied a shallow conductor elongated in the NNW-SSE direction. The model included a conductive layer at depths between 0.05 and 3 km, as shown in Figure 8b . The calculated responses were similar to the observed responses for periods of 63.9 and 363 s, while the induction vector in the southern region of the study area did not point to the coast. However, the calculated responses for 2000 s made little sense.
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Finally, a model including both seawater and a conductive layer was examined (Figure 8c ). The calculated phase tensor and induction vector well explained the measured data even though the skew (b) and magnitude of the induction vector were underestimated. These might depend on the detailed distribution of the conductor and resistivity contrasts among the conductive layer, seawater, and the other lands. Therefore, the measured regional pattern was probably caused by the combination of the two seas and the conductive channel connecting them. However, because it is difficult to consider such structure in twodimensional (2-D) analysis, we decided that 3-D inversion is the most appropriate method for estimating the resistivity structure in the study area.
Inversion
The 3-D inversion analysis of the obtained MT data was conducted using the 3-D inversion program WSINV3DMT that was based on a data space Occam's inversion scheme [Siripunvaraporn et al., 2005; Siripunvaraporn and Egbert, 2009] . Data for 16 periods between 0.025 and 8197 s from the 50 wideband sites were selected; 20 of these sites also include longer-period data. The input data contained four components of the impedance and two components of the magnetic transfer function. Because each input value was a complex number, the input data contained a total of 12 components. The model settings were the same as those used in the forward modeling. The common initial and prior models, which define the resistivities of the land and seawater as 100 and 0.3 Xm, respectively, were used (same as Figure 8a ). The resistivity of the seawater was fixed during the inversion. The root-mean-square (RMS) residuals of the observed and calculated responses were 16.0 in the initial model, allowing a 5% error floor.
The inversion analysis was conducted in three stages. The first-stage inversion was performed with three smoothing parameters (s 5 2.5, 5, and 10 with dx 5 dy 5 dz 5 0.1) in the model covariance matrix [Siripunvaraporn and Egbert, 2000; Siripunvaraporn et al., 2005] , to determine an appropriate smoothing parameter. The inversions with s 5 2.5, 5, and 10 reduced the RMS residuals to 2.68 after six iterations, 2.66 after four iterations, and 2.90 after five iterations, respectively (supporting information Figure S2 ). Although the RMSs of the models with s 5 2.5 and 5 were almost equivalent, we selected the smoother model with s 5 5.0 as the first-stage model on the basis of Occam's inversion so that the smoothest model with plausible data misfit level was selected as the best model [Constable et al., 1987] . This first-stage resistivity model was used as the new initial and prior models for the second-stage inversion. The second-stage inversion reduced the RMS residual to 1.88 after five iterations. This procedure was repeated as the third stage, during which the RMS residual finally converged to 1.59 after four iterations. The calculated apparent resistivity and impedance phase from the third-stage model are shown in Figures 326, and 11 . Additionally, the calculated induction vector and phase tensor are shown in Figure 7 . The calculated data accurately describe all components of the observed data. Plan and section views of the resistivity model are shown in Figures 9 and 10, respectively.
The features of the resistivity model (Figures 9 and 10 ) are as follows. The conductive layer (<10 Xm) extends from the surface to a depth of approximately 7 km. This layer is quite thin in the western region and thickens toward the eastern region. Below the conductive layer, the resistive layer (300 Xm) continues to the bottom of the model. In the resistive layer, two remarkable conductors named C1 and C2 are present beneath the ITFZ and Shikotsu caldera, respectively (Figures 9 and 10 ).
Sensitivity Tests
Considering the locations of C1 and C2 beneath the active fault and volcano, respectively, these conductors may be important in the interpretation of the resistivity structure in this region. A simple sensitivity test was performed by forward modeling to examine these conductors. The resistivity of C1 was set to 100 Xm, which is similar to the surrounding resistivity. Considering the model with this resistivity of C1, the MT responses were calculated, as shown in Figure 11a . This caused the RMS residual to increase to 1.65. The calculated apparent resistivity and phase in this test did not agree well with the observed and best fit curves.
The disagreement was significant at station ISK160, while only small changes were found at the other stations. The calculated induction vector at the stations around C1 pointed in different directions from those for the observed and best fit data for periods longer than 100 s. Because a significant change was observed at station ISK160, we tested the first-stage inversion again with the measured data while excluding the ISK160 data. The resulting model showed a conductor at a position very near C1, although the estimated Geochemistry, Geophysics, Geosystems 10.1002/2016GC006771 resistivity was somewhat higher than that for the final model (supporting information Figure S3 ). This implied that C1 could be supported by numerous measured data, and that the data for station ISK160 could effectively constrain C1.
The tests for the conductor beneath the Shikotsu caldera were divided by a depth 16 km to the deeper part (C2) and shallower part (C2 0 ). Similar to C1, when the resistivity of C2 was set to 100 Xm, the RMS residual increased to 1.70. The fit of the apparent resistivity and phase was also poor at several sites (Figure 11b ). The phase tensor and induction vector did not explain the measured data for a period band above 100 s when compared with the inverted model ( Figure 7) . The test for C2 0 showed the most significant change in the MT responses (Figure 11c ), increasing the RMS residual to 2.10. The phase tensor and induction vector Geochemistry, Geophysics, Geosystems 10.1002/2016GC006771 became more inconsistent (Figure 7) . Therefore, these conductors were necessary to explain the measured data, even though the changes were generally small in all the tests.
The conductors were also estimated at positions similar to C1, C2 and C2 0 , even in the first-stage inversion with different smoothing parameters (supporting information Figure S2 ), so it is unlikely that the conductors were artifacts caused by inappropriate smoothing. However, the volume and resistivity of the conductors seem to depend on the smoothing parameter s. In addition, it is possible that the MT data has poor sensitivity for an extremely low resistivity at the center of the conductors because the response changes in the forward modeling tests were not particularly large. In order to constrain the reliable resistivity range for the Geochemistry, Geophysics, Geosystems conductors, additional sensitivity tests after Ichihara et al. [2014] were performed for C1, C2, and C2 0 . These tests consisted of forward calculations with conductor resistivity settings of 1, 3, 10, 30, 100, and 300 Xm. Table 1 shows the RMS residuals for these tests. We evaluated the global model RMS residuals for each calculation with the aid of an F test. The variances of residuals (square of RMS) of the best fit and tested models were compared. The degree of freedom was equal to all the fitting parameters, defined by E3P3S215123163502159599, where E, P, and S denoted the numbers of response component, period, and measurement station, respectively. A probability (a) with respect to an F distribution was obtained from a variance and degree of freedom. We, adopting a 95% confidence level, judged significance with a < 0.025. Thus, the RMS residual larger than 1.623 was determined to be significantly different from the best fit one.
Based on this F test, C1, C2, and C2 0 with resistivities higher than 30, 30, and 10 Xm, respectively, produced significantly worse RMS residuals compared with the best model. In this sense, even though the best fit resistivity was less than 1 Xm, a more resistive C1, C2, or C2 0 of up to 30, 30, or 10 Xm is used to fit the data equally. Furthermore, we performed some constrained inversions by fixing the resistivities of C1, C2, and C2 0 as 30, 30, and 10, respectively. The results showed lower resistivities than the fixed ones at the outer edge of the fixed areas, or anomalously low resistivities of less than 0.1 Xm at the nonfixed conductor. Such strange structures were considered to be unrealistic. Additionally, although the whole RMS residuals were reduced to equivalent values with the best fit model, curve fittings became worse at specific stations. This constrained inversion trial also supported the conductive anomalies at C1, C2, and C2 0 . Therefore, we interpret the resistivity structure in the following discussion based on the condition that the resistivity for the conductors C1, C2, and, C2 0 is lower than 30, 30, and, 10 Xm, respectively.
Discussion
Overall Interpretations of Resistivity Structure
The conductive layer (<10 Xm) lies at the surface (Figures 9 and 10 ). This layer is not found in the western region and is 5-7 and 10 km thick in the central and eastern regions of the lowland, respectively. Comparing the seismic velocity structure compiled from explorations and logged data [Yoshida et al., 2007] , the bottom of this conductive layer is consistent with the top of the Upper Cretaceous (Figure 10 ). Thus, this layer corresponds to sedimentary rocks younger than the Paleogene.
The resistive layer (>300 Xm) is present under the conductive layer. The resistive layer suggests a brittle upper crust because the Conrad depth was estimated to be approximately 20 km [Katsumata, 2010] and seismicity is concentrated in this layer (Figure 10 ). This layer tends to deepen and thicken toward the southeast. This tendency corresponds to the seismic velocity structure, which indicates that the interpreted crust rapidly thickens toward the east [Iwasaki et al., 2004] . Furthermore, the characteristics of the resistive layer are in accordance with seismic tomography results, thereby suggesting that the crust belonging to the northeastern Japan arc is pushed down at the western side of the Hidaka collision zone [Kita et al., 2010] .
Conductor Beneath the Ishikari-Teichi-Toen Fault Zone
The depth of conductor C1, which has a resistivity of less than 30 Xm, is estimated to be 5-15 km beneath the ITFZ (Figures 9 and 10 ). Because C1 exists fully in the Cretaceous basement, it is not considered to be an extension of the surface conductive layer, but an independent structure. High-temperature rocks, the presence of aqueous fluids, and partial melts in rocks can cause low resistivity. However, because the resistivity of dry rocks is always above 10 Xm even if the highest temperature of 10008C is assumed [Kariya and Shankland, 1983] , high-temperature rocks alone cannot explain the resistivity of C1. Furthermore, it is considered difficult for partial melts to exist in the upper-middle crust in a nonvolcanic region showing a low heat flow [Tanaka, 2004] and a large solidus depth [Okubo, 1998 ]. In addition, the P wave velocity estimated Geochemistry, Geophysics, Geosystems
by seismic tomography indicated the presence of a slow structure near C1 relative to that of the surroundings [Ichiyanagi et al., 2012] . Therefore, a realistic interpretation of C1 is the presence of aqueous fluids reducing the resistivity. An MT study in the backarc of the northeastern Japan found similar midcrustal conductors beneath the thrust zone, which were interpreted as fluids accommodated by the enhanced porosity due to local stress accumulation [Ogawa et al., 2001] .
A plan view at a depth of 10 km (Figure 9 ) shows several conductive spots (<30 Xm) aligned in the NNW-SSE direction, as indicated by dashed lines. Kurita and Yokoi [2000] suggested the presence of a pull-apart basin generated under the transpression field in the late Pliocene (Figure 1b) . The parallel conductive chains may indicate a damaged zone of vestigial faults forming the outer edge of the pull-apart basin. Based on an application of a dislocation model, Tamaki et al. [2010] reported that the right-lateral faults with lengths exceeding 30 km explained the formation of the pull-apart basin. The positions of the assumed faults in their model correspond to those of the conductive chains. A possible interpretation of this correspondence is that the conductive spots represent trapped fluids in the high-porosity damaged zone where fault fractures develop at a high rate. C1 shows a particularly low resistivity and large volume in comparison with other spots. In addition, a horst structure that formed under the transpression field in the late Pliocene was also recognized near C1 [Kurita and Yokoi, 2000] . Therefore, C1 may correspond to a highly fractured zone filled by fluids. This implies that the damaged zone developed with a strong heterogeneity and that fluids in this zone may have caused the heterogeneous crustal strength in this region.
5.3. Conductor Beneath the Shikotsu Caldera C2 and C2 0 , which have resistivities of less than 30 and 10 Xm, respectively, extend downward from a depth of 5 km to over 40 km beneath the Shikotsu caldera. The Shikotsu caldera is a Quaternary volcano activated 40,000-50,000 years ago [Yamagata, 1994] , and its postcaldera cones remain active. The conductive column from C2 to C2 0 suggests a fluid path or reservoir, which can cause volcanic activity at the surface. Because C2 extends deeper than the Moho, which has a depth of approximately 30 km [Katsumata, 2010] , the conductive column penetrates from the upper mantle to the crust.
In the northeastern Japan arc, the mantle wedge upwelling flow, which was caused by dehydration from the subducting Pacific Plate, rises up from the deep backarc to the Moho beneath the volcanic front, and then the melted and aqueous fluids constituting this flow accumulate there or intrude into the crust [Hasegawa et al., 2005] . The Li/Cl ratio of the deep ground water exceeds 0.001 in the Shikotsu region, suggesting that slab-derived or magmatic aqueous fluids upwell in this region [Kazahaya et al., 2015] . Furthermore, Okubo [1998] estimated that the solidus depth is less than 30 km in this region, suggesting that partial melting could occur in the lower crust. Therefore, C2 is interpreted as aqueous fluids and/or partial melts intruding from the upper mantle into the crust.
Deep low-frequency earthquakes (DLFs) occur mostly at the upper edge of C2 (Figures 9 and 10) . A DLF occurring in a deep part of a volcanic region may be related to magma migration under ductile conditions [Ukawa, 2007] . Assuming that C2 indicates partial melting, the DLFs in this region may be accompanied by magma migration into the crust. Additionally, DLFs can be related to the migration of aqueous fluids dehydrated from melts [Hasegawa et al., 2005] . Saline water and silicate melt can have a resistivity of lower than 1 Xm, depending on their salt concentration and temperature [Nesbitt, 1993; Gaillard and Marziano, 2005] . Considering the resistivity of bulk rock, a resistivity below 30 Xm would be realistic for a region that includes aqueous fluids and partial melts. Although the resistivity alone cannot be used to determine which cause is more likely, the conductive column indicates magmatic fluids, and C2 and C2 0 are interpreted as the upwelling path and reservoir of these fluids, respectively.
The plan view at a depth of 40 km ( Figure 9 ) shows additional conductors in the northeastern region of C2. However, in this region, there are no DLFs, and the conductors do not extend upward. Thus, the conductors in this region might indicate the accumulation of magmatic fluids under the Moho without intrusion into the crust. results are in accordance with the model proposed by Iio et al. [2002 Iio et al. [ , 2004 , which indicates that a weak zone permitting plastic deformation in the lower crust causes a strain concentration in the upper crust above the deformation, resulting in the occurrence of an earthquake as a brittle fracture. However, because the conductors beneath the Ishikari Lowland, such as C1, and other conductive spots are located in the upper crust, the model by Iio et al. [2002 Iio et al. [ , 2004 cannot be applied to the mechanisms for strain concentration and earthquake generation in the study area. Furthermore, although most studies have suggested that fluids in the lower crust are likely supplied by slab-derived fluids [e.g., Wannamaker et al., 2009; Ichihara et al., 2014] , there is no fluid path from the deeper parts of the study area except in the volcanic region. Kato et al. [2006] studied the mechanism for the 2004 Mid-Niigata Prefecture earthquake (M JMA 6.8) and suggested that ductile deformation in the upper crust due to thick soft sediments reaching a depth of 10 km was strongly related to the occurrence of this earthquake. Similarly, the sediments in the Ishikari Lowland are also very thick, reaching a depth of 10 km in the eastern region. Additionally, the conductive spots indicating aqueous fluids in the basement suggest the strongly heterogeneous distribution of the crustal strength. Therefore, it is possible that the heterogeneously distributed ductile zones in the upper crust cause the strain to concentrate in the lowland. The basement appears to have rapidly risen beneath the ITFZ. Such a heterogeneous boundary of the dynamic properties can cause a stress concentration that brings about the conditions necessary for an inland earthquake [Ichihara et al., 2008] . The episodic intrusion of fluids from a saturated zone, such as C1, to a relatively strong shallower part may trigger an earthquake within the ITFZ.
Conclusions
An MT survey was conducted based on an assumed 3-D resistivity structure in the Ishikari Lowland region, which is recognized as a strain concentration zone in Hokkaido, Japan. The surface conductive layer was attributed to thick sedimentary rocks younger than the Paleogene. The model indicated remarkable conductors beneath the ITFZ and the Shikotsu caldera, which were interpreted as fluid-rich zones. However, their origin and role in tectonic activity differed. The conductor beneath the ITFZ corresponds to aqueous fluids accumulating in the damaged zone related to the formation of pull-apart faults and horst. In contrast, the conductive column beneath the Shikotsu caldera corresponds to a path for magmatic fluids flowing from the upper mantle, which likely include partial melts.
The results of this study suggest that ductile deformations in the upper crust, rather than a weak zone in the lower crust, contributed to the strain concentration in this area. The soft thick sediments spanning the entire lowland region allow ductile deformation to occur. Furthermore, local fluid-rich zones located at a depth of 10-20 km result in a heterogeneous distribution of the crustal strength, which causes rapid changes in the basement depth. These thick sediments and the local presence of fluids in the basement both contribute to the strain concentration in the Ishikari Lowland.
